and failed to activate ventromedial cortex (BA 10,11) The compulsive and nonadaptive nature of drug-taking behavior in substance-dependent subjects has led several investigators to hypothesize that subjects with substance dependence show a dysregulation of ventromedial or orbitofrontal cortex Rolls 2000; Volkow and Fowler 2000). Disruption of the orbitofrontal cortex via the striato-thalamo-orbitofrontal neural systems loop, which is critical for the assessment of stimulus-reward relationships, has been proposed as a key neural substrate underlying the neural systems dysregulation in substance dependence (Volkow and Fowler 2000). Specifically, the orbitofrontal cortex maintains a detailed representation of rewarding stimuli and updates the current reward value of a stimulus continually (O'Doherty et al. 2000) . Therefore, the orbitofrontal cortex is critical for rapid stimulus-reinforcement association learning and the correction of these associations when reinforcement contingencies change (Rolls 2000) . The combination of dorsolateral and orbitofrontal cortex dysregulation in substance-dependent subjects may affect three distinct behavioral functions : first, expectancy, which is based on the predictions of reward and observed probabilities of reinforcement with a stimulus; second, compulsion, which involves the repetitive application of a behavioral strategy despite the lack of association of reward with the stimulus; third, decision-making, which involves the balancing of expectations with stimulusassociated rewards or reinforcing probabilities.
Stimulant-dependent subjects show dysfunctions in decision-making similar to those seen in subjects with ventromedial prefrontal cortex lesions. Studies of drug craving, reward association, and decision-making have implicated dysfunctions of the dorsolateral and orbitofrontal cortex as a key neural substrate in subjects with stimulant dependence. Here, a functional magnetic resonance imaging (fMRI) study was carried out to determine the relationship between decision-making dysfunction and neural activation in different prefrontal areas. This investigation tested the behavioral hypothesis that methamphetamine-dependent subjects in early sustained remission show decision-making dysfunctions that are consistent with an increased reliance on stimulus-contingent response selection. It was hypothesized that these decision-making dysfunctions are due to differences in task-related activation in the dorsolateral and ventromedial prefrontal cortex. Ten methamphetamine-dependent subjects were compared with ten age-and education-matched controls performing a twochoice prediction task and a two-choice response task during a fMRI session. Response bias, latency, and mutual information measures assessing the underlying strategies of the decision-making sequences were obtained. First, methamphetamine-dependent subjects were more influenced by the immediately preceding outcome during the two-choice prediction task relative to normal comparison subjects. Second, methamphetamine-dependent subjects activated less dorsolateral prefrontal cortex
and failed to activate ventromedial cortex (BA 10, 11) The compulsive and nonadaptive nature of drug-taking behavior in substance-dependent subjects has led several investigators to hypothesize that subjects with substance dependence show a dysregulation of ventromedial or orbitofrontal cortex Rolls 2000; Volkow and Fowler 2000) . Disruption of the orbitofrontal cortex via the striato-thalamo-orbitofrontal neural systems loop, which is critical for the assessment of stimulus-reward relationships, has been proposed as a key neural substrate underlying the neural systems dysregulation in substance dependence (Volkow and Fowler 2000) . Specifically, the orbitofrontal cortex maintains a detailed representation of rewarding stimuli and updates the current reward value of a stimulus continually (O'Doherty et al. 2000) . Therefore, the orbitofrontal cortex is critical for rapid stimulus-reinforcement association learning and the correction of these associations when reinforcement contingencies change (Rolls 2000) . The combination of dorsolateral and orbitofrontal cortex dysregulation in substance-dependent subjects may affect three distinct behavioral functions : first, expectancy, which is based on the predictions of reward and observed probabilities of reinforcement with a stimulus; second, compulsion, which involves the repetitive application of a behavioral strategy despite the lack of association of reward with the stimulus; third, decision-making, which involves the balancing of expectations with stimulusassociated rewards or reinforcing probabilities.
Decision-making includes several cognitive and noncognitive processes, such as attention, working memory (Bechara et al. 1994) , contingency approximation (Tversky et al. 1988; Elliott and Dolan 1998) , hypothesis testing (Elliott and Dolan 1998) , rule generation (Seale and Rapoport 1997) , impulsivity (Green et al. 1999; Monterosso and Ainslie 1999) and risk-taking (Rahman et al. 1999; Rogers et al. 1999a) . The integrity of the orbitofrontal cortex is important for decision-making when the outcome is uncertain but some responses are associated with a better long-term outcome than others. Specifically, subjects with orbitofrontal cortex lesions perform poorly when asked to select advantageous responses and avoid disadvantageous responses (Bechara et al. 1994) . Other decision-making tasks provide the subject with explicit information for each trial about the likelihood of beneficial or adverse outcomes and measure the degree to which subjects use this information to select their responses (Rogers et al. 1999a ). We have further developed an experimental decision-making task in which subjects do not know a-priori which action is associated with the best outcome (Paulus et al. 1994 (Paulus et al. , 1996 . Moreover, each response has a similar probability to have a beneficial or adverse outcome. Previous results from behavioral experiments show that even though the reinforcement of each response is random, the sequence characteristics of the subject's responses are not (Paulus 1997 ). Thus, this task allows one to measure the degree to which past stimuli, past responses, or the combination of stimuli and responses influence the current response selection and helps to quantify strategies that underly decision-making in the presence of uncertainty.
Based on previous results of decision-making studies in subjects with substance dependence, which showed that decision-making was more contingent on immediate gains than long-term outcomes , this experiment tested the hypothesis that methamphetamine-dependent subjects during early sustained remission show altered decision-making rules. Specifically, it was hypothesized that if methamphetaminedependent subjects are supersensitive to immediate gains, then response selection should be more predictable based on the preceding relationship between stimulus and response and should depend less on a self-generated, possibly long-range, response strategy. Moreover, if activation of ventromedial and dorsolateral prefrontal cortex is critical for the normal decision-making process (Elliott and Dolan 1998) and if the decision-making rules are altered in methamphetamine-dependent subjects, it was hypothesized that methamphetamine-dependent subjects show an altered level of decision-makingrelated activation in both orbitofrontal and dorsolateral prefrontal cortex. To test these hypotheses, we conducted a functional magnetic resonance imaging (fMRI) study using the two-choice prediction task with a group of methamphetamine-dependent subjects in early remission and age-and education-matched comparison subjects. Mutual information measures were used to determine the degree to which response selection was predicted by the previous stimulus-response association or the previous response. Both a voxel-wise comparison and a region of interest analysis were used to determine taskrelated activation differences in methamphetamine-dependent and normal comparison subjects.
METHODS

Subjects
Ten subjects with an average age of 41.1 Ϯ 2.4 years (range 31-54) and an average education level of 13.6 Ϯ 0.35 years (range 12-15.5) meeting current stimulantdependence criteria according to the DSM-IV (American Psychiatric Association 1994) were recruited from the Alcohol and Drug Treatment Program (ADTP) at the San Diego Veterans Affairs Medical Center. These methamphetamine-dependent subjects had entered voluntarily a 28-day inpatient ADTP. All subjects were randomly screened for the presence of drugs, which was mandatory for the participation in this program. These subjects did not have serious medical conditions, did not exhibit significant affective, anxious, or cognitive symptoms, and had participated in outpatient groups before entering the inpatient program. None of these subjects were taking psychotropic medications at time of testing. Three of the 10 subjects also fulfilled criteria for current cannabis abuse but not dependence. The individual subjects' characteristics are listed in Table 1. The behavioral and functional neuroimaging data from these subjects were compared with normal comparison subjects that were matched by age (mean 42.30 Ϯ 1.9 years, range 28-50) and education (mean 14.5 Ϯ 0.43 years, range 12-16). A subgroup of the normal compari-son subjects' data has been presented elsewhere (Paulus et al. 2001) .
Once a subject agreed to be contacted and gave informed consent, a structured clinical interview for DSM IV diagnosis (SCID-P) (Spitzer et al. 1992 ) and the antisocial personality disorder (ASPD) segment of the SCID II for personality disorders were conducted. Subjects with a major depressive disorder, bipolar, schizophrenic, post-traumatic stress, panic, or obsessive-compulsive disorder or ASPD as well as subjects exhibiting current signs of withdrawal as indicated by the presence of at least two DSM IV withdrawal signs were excluded from the study. Subject with nonremovable materials that respond to high magnetic fields, for example, metal fragments, were also excluded. At the time of testing, these subjects had been abstinent from methamphetamine for an average of 22.4 Ϯ 3.5 days (range 6-46 days), and urine toxicology revealed no evidence of cannabis, stimulants, sedative-hypnotics, cocaine, or Phenycydidine (PCP).
Task
The two-choice prediction task, which is used to determine the response characteristics in decision-making situations with uncertain outcome, has been described in detail elsewhere (Paulus 1997) . Briefly, on a computer screen, a house is shown in the center with two people: one on the left and one on the right of the house. For the two-choice prediction task, the subject is told that the task is to predict whether a car will come by on the left or right side to pick up the person on the computer screen. The subject has to make a decision (pressing the left or right button) and is shown the car after pressing the button for 300 msec. If the selected response is "correct," that is, reinforced, the person of the selected side crosses over to the car; otherwise, the person moves halfway across the screen and then returns to the center of the screen. The reinforcement schedule is determined a priori such that 50% of the responses will be reinforced, as if they were "correct" predictions. For the two-choice response task, the subject is told that the task is to press the button on the same side that the car is shown on the screen (i.e., left or right). The duration of each trial depends on the time between presentation of the initial situation and the selection of the response. Therefore, the number of trials per experimental block depends on the subject's average latency to select a response during a trial block. The key difference between these two tasks is that during the two-choice prediction task, the subject does not know the correct response in advance. The only information that may guide the selection of the current response is the sequence of previous responses and outcomes. In comparison, during the two-choice response task, the subject knows the correct answer before selecting a response, and the current button press does not depend on the previous responses.
Behavioral Measures
The following variables were recorded for the twochoice prediction and the two-choice response tasks: (1) the response selected by the subject ( left or right ); (2) the computer selected response ( left or right ); and (3) the latency to select a response (time from the presentation of the current situation to button press). Based on these variables, the strategies of decision-making in the presence of uncertainty were assessed by two sets of measures: (1) general response biases: the number of left versus right responses or stay (a left response followed by left response) versus switch responses ( left followed by right response); and (2) the degree to which the current response is determined by the previous response, the previous stimulus, or a combination of both, which is quantified by mutual information measures. Mutual information functions (Herzel and Grosse 1997) are based on the logarithmic likelihood ratio between the observed and the expected frequencies of an event. These functions measure in units of bits the degree to which two events co-occur more often than by chance. In addition, the conditional probability of using winstay and lose-shift were obtained, i.e., the probability of selecting the same response or shifting to the alternate response if the previous response resulted in a "correct" or "incorrect" prediction. These measures allows one to determine whether the degree to which subjects used win-stay/lose-shift above chance level was due to an increased use of win-stay or lose-shift responses.
fMRI Protocol and Image Analysis Pathway
Magnetic resonance images were obtained using a 1.5 Tesla whole-body system (Siemens, Erlangen). Anatomical T1-weighted images of the whole brain (magnetization prepared rapid gradient echo (MPRAGE) resonance time (TR) ϭ 11.4 ms, echo time (TE) ϭ 4.4 ms, flip angle ϭ 10 Њ , field of view (FOV) ϭ 256 ϫ 256, 1 mm 3 voxels) were obtained sagitally to identify the anterior/posterior commissure, to co-register the functional image, and to transform the images into Talairach space (Talairach and Tournoux 1988) . Thirty-two slices of T2-weighted images were obtained in the transverse plane using echoplanar imaging (slice acquisition interval ϭ 60 ms, TE ϭ 40 ms, flip angle ϭ 90 Њ , 64 ϫ 64 pixel, FOV ϭ 220 ϫ 220 mm, 3.43 mm 2 in-plane resolution, 3-mm slice thickness) with a repetition time (TR) of 3000 msec for 112 repetitions. The 3-mm slice thickness greatly reduces the echoplanar signal reduction in the orbitofrontal areas.
The task was presented to the subjects using an liquid crystal display (LCD) projector, back-projected onto a screen at the subjects' feet, which could be seen via a mirror attached to the head coil. Subjects requiring corrective lenses were provided with a pair of plasticframed lenses that approximated their degree of correction. Motor responses were made using a fiber-optic button box. The two-choice prediction task ("on" condition) and the two-choice response task ("off" condition) were presented in an "off-on" repeated block-design. Each block lasted 30 s or 10 TRs. The entire experiment lasted 11 alternating "off-on" blocks, starting and ending with an "off" condition.
Three fMRI analysis pathways were used to determine (1) whether methamphetamine-dependent subjects show task-related activation differences relative to comparison subjects, (2) whether the magnitude of activation in task-related regions of interest, that is, areas that are activated during the two-choice prediction task in both groups, differs between methamphetaminedependent and normal comparison subjects, and (3) whether the degree of activation is related to clinical parameters. First, an fMRI block design was used to determine which neural substrates showed task-related activation (i.e., activated during the two-choice prediction task relative to the two-choice response task). Specifically, 112 whole-brain images (32 3-mm slices) were collected every 3 s. After discarding the first two acquisitions, the remaining 110 functional brain images were divided into 11 trial blocks, each trial block lasting 30 s and consisting of 10 repetitions. All image processing was done using the Analysis of Functional Neuroimages (AFNI) software package (Cox 1996) . Echoplanar images were co-registered using a 3D co-registration algorithm to the echoplanar image that resulted in the smallest amount of image translation and rotation relative to all other images. A regression analysis was performed with a 0-1 boxcar reference function, which was shifted 0-3 TRs to account for the hemodynamic response, to predict the fluctuation in the linearly detrended, non-normalized, echoplanar image intensities as measured by a voxelwise regression or fit-coefficient (Cohen 1997) . A Gaussian filter with full width half maximum (FWHM) 3.4 mm was applied to the regression coefficient image to account for individual variations of the anatomical landmarks. Regression coefficient images of each subject were translated to Talairach coordinates. Labels for brain activation foci were obtained in Talairach coordinates using the Talairach Demon software, which provides accuracy similar to that of neuroanatomical experts (Lancaster et al. 2000) .
Statistical Analysis
A mixed model analysis of variance (ANOVA) was used to analyze the behavioral measures. Specifically, one between-subjects factor (methamphetamine-dependent subjects versus controls) and two within-subjects factors (block: two-choice prediction task or two-choice response task; repetition: five repetitions of the block) were used to determine whether the behavior measures differed across groups and across the two task conditions. The block-effect tests for behavioral differences across task conditions. The repetition effect assesses whether subjects engage in different decision-making behavior across trial blocks. To adjust the degrees of freedom for the correlations in within-subjects designs (violations of sphericity), Greenhouse-Geisser (GG) corrections were applied.
A mixed model ANOVA (group ϭ fixed factor, subjects ϭ random factor) was conducted with the Tailarach fit-coefficient image as the dependent measure to determine group differences between methamphetamine-dependent and normal comparison subjects. To control for false-positive regions of activation for the main effect of group (F-map) and the individual group effects (t-maps), the activation significance threshold was adjusted based on a Monte-Carlo simulation of filtered voxels' activation patterns (Forman et al. 1995) . The images shown represent volume-thresholded F or t-maps. Second, both methamphetamine-dependent and comparison subjects were pooled to determine common regions of task-related activation. For each region of task-related activation, an average fit coefficient was obtained for each subject and the region of interest (ROI) specific fit coefficient was used in planned t-tests to compare the degree of task-related activation in methamphetamine-dependent subjects relative to comparison subjects. Third, ROI specific fit coefficient was used as an independent variable in a stepwise regression analysis to predict years of methamphetamine use and duration of sobriety. Stepwise regression analyses were conducted by setting the threshold for entering a variable into the regression to p Ͻ .05 and a removal of a variable to p Ͼ .1. All behavioral statistical analyses were carried out using statistical package for the Social Sciences (SPSS) (Norusis 1990) .
RESULTS
Behavioral Measures
Methamphetamine-dependent subjects made 35.2 Ϯ 1.25 responses (controls, 34.7 Ϯ 1.25) during a choice response task trial block. These subjects selected the right response 51 Ϯ 0.8% (controls, 50.3 Ϯ 0.8%) of all trials, and switched responses 48.2 Ϯ 0.5% (controls, 49.6 Ϯ 0.5%) of the time during the two-choice response task trial block and thus showed no simple response bias. During the two-choice prediction task, methamphetamine-dependent subjects made 35.5 Ϯ 2.8 responses (controls, 34.2 Ϯ 2.8), selected the right response 49.7 Ϯ 1.7% (controls, 48.2 Ϯ -1.2%) of the time, and switched responses 48.4 Ϯ 2.2% (controls, 47.7 Ϯ 2.2%) of the time. Methamphetamine-dependent subjects made 4.5 Ϯ 1.3 (controls: 1.8 Ϯ 1.3) errors per trial block during the two-choice response task. The ANOVA revealed that the basic response bias measures, that is, response number, left versus right response, and response switching versus response stay, did not differ across task conditions [response number, F GG (1,18) ϭ 0.01, not significant (NS); right response, F GG (1,18) ϭ 2.9, NS; response switching, F GG (1,18) ϭ 0.36, NS] or across groups [response number, F(1,18) ϭ 0.10, NS; right response, F(1,18) ϭ 0.46, NS; response switching, F(1,18) ϭ 0.05, NS]. In addition, the number of errors per trial block did not differ significantly between methamphetaminedependent and normal comparison subjects [F(1,18) ϭ 2.72, NS].
Both past response and past outcome, that is, whether the previous decision correctly or incorrectly predicted the location of the stimulus, significantly influenced decision-making of methamphetamine-dependent subjects during the two-choice prediction task. The mutual information function revealed that ‫ف‬ 2.8 Ϯ 0.8% of the current choice in methamphetamine-dependent subjects was predicted by the previous response (controls,: 3.5 Ϯ 0.8%), whereas 19.6 Ϯ 3.6% of the current choice was predicted by a win-stay/lose-shift strategy (controls, 8.4 Ϯ 3.8%). The ANOVA for the mutual information, that is, the degree to which the previous response predicted the current response, revealed no difference across trial blocks [F GG (2.6,47.9) ϭ 1.46, NS] but a trend across task conditions [mutual information: F GG (1,18) ϭ 3.32, p ϭ .085]. In comparison, the degree to which a win-stay/lose-shift strategy predicted the current response did not differ across trial blocks [F GG (2.8,50.3) ϭ 0.89, NS] but differed significantly across task conditions [win-stay/lose-shift mutual information: F GG (1,18) ϭ 19.50, p Ͻ .01]. There was a significant effect of group (methamphetamine-dependent subjects versus controls) on the degree to which winstay/lose-shift predicted the current response [F(1,18) ϭ 4.91, p Ͻ .05]. This indicates that, relative to controls, methamphetamine-dependent subjects used the winstay/lose-shift strategy more frequently when generating decision sequences during the two-choice prediction task. The analysis of the conditional win-stay/lose-shift probabilities (Figure 1 ) revealed that methamphetamine-dependent subjects (win-stay: 0.65 Ϯ 0.05) were not more or less likely than controls (win-stay: 0.64 Ϯ 0.05) to use the win-stay strategy [F GG (1,18) ϭ .178, NS]. In comparison, methamphetamine-dependent subjects selected more responses during the two-choice prediction task that were consistent with lose-shift (lose-shift: If the behavioral differences were due to the prolonged effect of methamphetamine, one would predict a lower degree of win-stay/lose-shift in subjects with longer duration of sobriety. Alternatively, if the behavioral differences are a result of extensive use of methamphetamine, one would predict an increased use of win-stay/lose-shift in subjects with a longer history of methamphetamine dependence. Therefore, the correlation between duration of sobriety or years of methamphetamine use and the probability of win-stay/loseshift consistent responses was obtained. As shown in Figure 2 , subjects with a longer duration of sobriety showed less lose-shift consistent responses (Pearson's r ϭ Ϫ0.74, p Ͻ .05). In comparison, the duration of sobriety did not correlate with the number of win-stay consistent responses (r ϭ Ϫ0.27, NS). Therefore, the differences of response characteristics during the two-choice prediction task between methamphetamine-dependent and normal comparison subjects diminish with increased duration of sobriety. In contrast, duration of methamphetamine use (in years) did not correlate with the number of responses consistent with a lose-shift strategy (r ϭ Ϫ0.25, NS) or with a win-stay strategy (r ϭ Ϫ0.08, NS).
fMRI Measures
Separate voxel-wise analyses for each group showed that both control subjects ( Figures 3A-C) and methamphetamine-dependent subjects ( Figures 3D-F) exhibited task-related activation, that is, more echoplanar signal intensity during the two-choice prediction task relative to the two-choice response task, in prefrontal and parietal cortex. Similarly, functional regions of interest analysis showed that both controls and methamphetamine-dependent subjects exhibited task-related activation in bilateral premotor, prefrontal, and parietal areas as well as in insula cortex (Table 2, Figure 4 ). The magnitude of task-related activation was significantly larger in controls relative to methamphetamine-depen- Figure 5 and Table 2 , the interaction effect between task and group of the mixed model ANOVA revealed that controls showed an increase in echoplanar signal intensity during the two-choice prediction task relative to the twochoice response task in the left middle frontal gyrus (BA9/10), in left and right medial frontal gyrus (BA 10) and right orbitofrontal gyrus (BA 11). In contrast, methamphetamine-dependent subjects showed no change in task-related activation (left BA 9/10) or showed a decrease in echoplanar signal intensity during the twochoice prediction task relative to the two-choice response task (bilateral BA 10 and right BA 11) (Figure 5 , right). These areas correspond to areas of the dorsolateral and anterior orbitofrontal cortex (O'Doherty et al. 2001 ). This interaction between task and group supports the hypothesis that methamphetamine-dependent subjects relative to controls failed to activate orbitofrontal parts for the prefrontal cortex during the two-choice prediction task, relative to the two-choice response task.
ROI specific fit coefficients were used in a stepwise regression analysis to predict the percentage of loseshift consistent responses, the duration of sobriety, and years of methamphetamine use, in order to relate taskrelated activation to clinical variables. Relative lower level of activation in the left insula (BA 13, Ϫ0.14 Ϯ 0.02, t ϭ 5.89, p Ͻ .05) and relative higher level of activation in the right middle frontal gyrus (BA 9, 0.07 Ϯ 0.02, t ϭ 3.11, p Ͻ .05) predicted a higher percentage of lose-shift consistent responses in methamphetaminedependent subjects [F(2,9) ϭ 18.85, p Ͻ .01, r 2 ϭ 0.8]. In comparing this relationship to the degree of task-related activation in control subjects, this finding is consistent with the observation that methamphetamine-dependent subjects showed slightly but nonsignificantly higher activation in the left insula cortex. A relative higher level of task-related activation in the left middle frontal gyrus (BA 6, 4.35 Ϯ 1.1, t ϭ 3.7, p Ͻ .05) and a relative The cluster volume is given in microliters and the center of mass of the cluster is given in Talairach coordinates.
lower level of task-related activation in the left superior temporal gyrus (BA 38, Ϫ4.80 Ϯ 1.8, t ϭ 2.6, p Ͻ .05) predicted a longer period of sobriety in methamphetamine-dependent subjects [F(2,9) ϭ 6.9, p Ͻ .05, r 2 ϭ 0.57]. Finally, subjects with a larger decrease in the orbitofrontal gyrus (BA 11, Ϫ1.54 Ϯ 0.7, t ϭ 2.4, p Ͻ .05), that is, the area of the interaction effect between task and group, had a longer duration of methamphetamine use [F(1,9) ϭ 5.6, p Ͻ .05, r 2 ϭ 0.34]. These results show that some areas of activation in the right and left prefrontal cortex, insula, and superior temporal gyrus can be related to the response characteristics during the two-choice prediction task and the clinical characteristics of the methamphetamine-dependent subjects. Moreover, the lack of task-related activation in the orbitofrontal cortex is related to the duration of methamphetamine use.
DISCUSSION
This investigation yielded five main results. First, methamphetamine-dependent subjects relative to normal comparison subjects relied more on an outcome-dependent strategy (win-stay/lose-shift) during the twochoice prediction task than did normal comparison subjects. Second, the degree of the behavioral differences between these groups diminished with increased duration of sobriety. Third, similar to normal comparison subjects, methamphetamine-dependent subjects exhibited task-related activation in bilateral prefrontal, parietal, and insula cortex; however, they showed less inferior prefrontal task-related activation. Fourth, methamphetamine-dependent subjects failed to show task-related activation in left prefrontal cortex (BA 9/10), bilateral ventromedial prefrontal cortex (BA 10), and right orbitofrontal cortex (BA 11). Fifth, the activation in the right orbitofrontal cortex predicted the duration of methamphetamine use.
The increase in win-stay/lose-shift consistent responses during the two-choice prediction task in methamphetamine-dependent subjects supports the general hypothesis that these subjects, even in situations without a priori advantageous or disadvantageous response bias, are more driven by the immediately preceding outcome (win or lose) than are normal comparison subjects. Thus, the increased use of an outcome-contingent response strategy by methamphetamine-dependent subjects is consistent with other behavioral observations in decision-making studies with substance-dependent subjects. First, in a decision-making task involving a choice between a smaller immediate reward and a larger but delayed reward, these subjects selected responses using short interdecision intervals that were associated with more immediate reward (Allen et al. 1998) . Second, using a task that assesses decision-mak- Table 2 . Right) ROI-specific average fit coefficient and SEM for both methamphetamine-dependent and normal comparison subjects in the left middle frontal gyrus, bilateral medial frontal gyrus, and right orbitofrontal gyrus. Brodmann areas are shown in parenthesis.
ing in the presence of varying likelihoods of reward and varying reward magnitude, amphetamine-dependent subjects took longer to make a decision and used suboptimal decisions strategies (Rogers et al. 1999a) . Third, using different variations of the gambling task (Petry et al. 1998) , heroin-and cocaine-dependent subjects were found to select responses that were associated with greater immediate gains but overall net losses (Bartzokis et al. 2000) . Finally, polysubstance abusers were found to select more disadvantageously when choosing between small rewards but consistent gains versus high rewards associated with significant losses . When separating the win-stay/loseshift strategy into its components, it appears the increase in the mutual information is primarily due to the increased frequency of lose-shift responses. This finding supports the hypothesis that methamphetaminedependent subjects are more sensitive to immediately preceding incorrect predictions than controls. The observation that the degree to which these response sequences in humans decreased with duration of sobriety suggests that the increased sensitivity to punished responses is a temporary behavioral change; this needs to be further evaluated in methamphetamine-dependent subjects at different stages of sobriety.
Some investigators have pointed out that suboptimal response selection may not only result as a function of dysregulated stimulus-reward association but may simply be due to an increase in response perseveration (Rolls 2000) , which may relate to dysfunctions of the dorsolateral prefrontal cortex (Jahanshahi and Dirnberger 1999) . The degree to which the previous response predicted the current response as measured by the mutual information did not differ between methamphetamine-dependent and normal comparison subjects. Thus, methamphetamine-dependent subjects did not show simple response perseveration during the twochoice prediction task. Moreover, both methamphetamine-dependent and normal comparison subjects showed similar magnitude of task-related right prefrontal (BA 9) activation, an area that is critical for executive functioning. Nevertheless, future studies need to examine the influence of reward magnitude in methamphetamine-dependent subjects to determine whether the behavioral and neuroimaging differences are due to a dysfunctional influence of the association between stimulus and reward on decision-making or whether the decision-making is a result of stimulus perseveration.
The differences in task-related activation between methamphetamine-dependent and normal comparison subjects in both dorsolateral prefrontal (BA 9), medial prefrontal (BA 10), and orbitofrontal cortex (BA 11) are consistent with previous studies, which show that these areas are critical for decision-making (Elliott et al. 1997; Rogers et al. 1999b Rogers et al. , 2000 , task-related reward contingencies (Elliott et al. 1999) , and violation of expectations (Nobre et al. 1999 ). Several cellular and neuroimaging studies support the hypothesis that decision-making involves prefrontal, parietal, and cingulate cortex neural network. First, self-generated, as opposed to cue-generated, actions involve the activation of dorsolateral prefrontal cortex and anterior cingulate (Frith et al. 1991) . Second, activity associated with anticipating a gaze response in a decision-making task was found in individual neurons in BA 9 and 46, that is, the dorsolateral prefrontal cortex (Kim and Shadlen 1999) . Third, activity of single neurons in the lateral parietal area was associated with selecting a response in a decision-making task in a reinforcement and reward-related manner (Platt and Glimcher 1999) . Fourth, explicit hypothesis testing in a two-choice decision-making task was associated with a significant activation of the left anterior cingulate, right precuneus, right thalamus, left inferior frontal gyrus, and cerebellum (Elliott and Dolan 1998) . Fifth, using fMRI, both right ventromedial and dorsolateral prefrontal cortex were activated in a two-choice guessing task relative to a choice reporting task (Elliott et al. 1999) . Sixth, using a gamble task, Rogers et al. (1999b) found a discrete increase in blood flow in right inferior and orbital prefrontal cortex (BA 10, 11) and in the anterior portion of the inferior frontal gyrus (BA 47).
The differences in activation patterns between methamphetamine-dependent and normal comparison subjects support the hypothesis that substance-dependent subjects show a dysregulation of the striato-thalamo-orbitofrontal circuit (Volkow and Fowler 2000) , which is critical for decision-making. After damage to the orbitofrontal cortex, humans develop a defect in real-life decision-making, which contrasts with otherwise normal intellectual functions (Damasio et al. 1990 ). Specifically, these subjects are guided by the immediate prospects but seem less affected by future consequences of their actions (Bechara et al. 1994) . It has been suggested that this region is an important neural structure in decisionmaking and functions independently of working memory load, which is mediated in the dorsolateral prefrontal cortex. People with chronic amphetamine dependence and patients with focal lesions of the orbitofrontal cortex showed similar choice patterns in an experimental decision-making task (Rogers et al. 1999a) . These subjects showed significant increases in the time needed to make their decisions, which was particularly evident in the presence of unclear predictive information. Moreover, the stimulant-abusing subjects relative to controls consistently selected a response that was less optimal in the presence of predictive information . Finally, chronic amphetamine abusers were found to be impaired on an extradimensional shift task, a core component of set-shifting (Ornstein et al. 2000) . These results lend support to the basic hypothesis that stimulant-dependent subjects exhibit fundamental cognitive deficits that are consistent with both ventromedial and dorsolateral prefrontal dysfunction. The differences in dorsolateral prefrontal cortex activation is consistent with the increased frequency of responses contingent on the immediately preceding outcome (win-stay/lose-shift) rather than according to an ongoing strategy that is kept in working memory. The activation pattern differences are consistent with reports that chronic methamphetamine use results in changes of biological markers of neuronal integration in cortical areas and changes of dopamine transporter density in subcortical areas (McCann et al. 1998) .
This investigation has several limitations. First, the number of methamphetamine-dependent subjects is relatively small for behavioral studies. Although the effect sizes between methamphetamine-dependent subjects and controls for the two task types were large, future investigations with more subjects will facilitate further testing of the relationship between stimulant use and outcome-driven response strategies. Second, the current sample consists solely of male subjects; thus, female controls and methamphetamine-dependent subjects will need to be investigated to determine whether this finding is consistent in both genders. Third, three of the 10 methamphetamine dependent subjects were comorbid for cannabis abuse. Although preliminary analysis of the functional ROIs did not reveal significant differences in task-related activation between these and the other methamphetamine-dependent subjects (data not shown), the influence of cannabis on these results will need to be further examined in a larger group. Fourth, the functional neuroimages of all subjects were obtained after a period of 6-46 days of abstinence, which does not permit conclusions about the long-term effect of methamphetamine on the functional status of the ventromedial prefrontal cortex. Finally, it will be important to see if any of the fMRI results are seen before the development of amphetamine dependence.
Methamphetamine-dependent subjects relative to normal comparison subjects show decision-making behavior that is more driven by the immediate outcome and show less task-related activation of both dorsolateral and orbitofrontal cortex. The reduced activation of dorsolateral and orbitofrontal cortex in methamphetamine dependent subjects was not related to duration of sobriety. Thus, chronic use of stimulants may have induced long-lasting changes consistent with abnormal orbitofrontal activity (Volkow et al. 1993) .
